Introduction 39
Vertebrate craniofacial development is a dynamic process highly dependent on a fascinating cell 40 population known as the neural crest. Craniofacial neural crest cells (CNCC) are a multipotent and 41 migratory cell type which delaminate from the dorsal aspect of the closing neural tube and travel 42 ventrolaterally into the frontonasal process (FNP) and pharyngeal arches (PAs) where they become the 43 mesenchyme of the emerging facial primordia [1, 2] . On each side of the mouse face, proliferation of the 44 post-migratory neural crest causes medial and lateral nasal processes (MNP, LNP) to swell from the FNP 45 around embryonic day (E) 10, resulting in paired horseshoe-shaped outgrowths with visible depressed 46 nasal pits in the center. The outgrowth of these processes is coupled with that of the maxillary processes 47 (MxPs) to bring the three primordia into contact [3, 4] . This contact and the subsequent fusion of the MNP, 48 LNP, and MxP create the nostrils and upper lip [5] . As development continues past E10.5, further growth 49 brings the paired MNPs into contact at the midface, where they fuse and give rise to the nasal septum, 50 philtrum, and premaxilla. 51
During these early stages of craniofacial development, the CNCC rely on signaling cues from 52 surrounding tissues to regulate their survival and the proliferation required to properly expand the facial 53 primordia. Sonic Hedgehog (SHH) and Fibroblast Growth Factor 8 (FGF8) secreted by the surface 54 ectoderm maintain CNCC survival and induce their proliferation [6] [7] [8] [9] . Loss of these signals, or an inability 55 of CNCC to properly transduce ligand binding within the cell, impairs the outgrowth and subsequent fusion 56 of the facial primordia, often ultimately leading to midline defects of the face [10] . The CNCC are also a 57 particularly vulnerable cell population as evidenced by their marked susceptibility to ribosome biogenesis 58 insults, sensitivity to the teratogenic effects of alcohol and many examples of genetic mutations leading to 59 elevated CNCC apoptosis [11] [12] [13] [14] [15] [16] [17] . 60 Despite significant advances in understanding the signaling pathways and transcriptional networks 61 involved in craniofacial developmental disorders, their etiology remains unclear in many cases. Unbiased 62 forward genetics approaches in model organisms allow discovery of previously unexamined roles for genes 63 and pathways in embryogenesis, providing new insights and angles for investigation [18] . Here we report 64 on a new allele from an N-ethyl-N-nitrosourea (ENU) screen in the mouse that is integral to craniofacial development. We found the causal mutation to be in the gene nucleotide binding protein 2 (Nubp2). Nubp2 66 is a highly conserved P-loop NTPase first described in early sequencing and mapping of cDNA isolated 67 from E7.5 mouse embryos [19] . In Saccharomyces cerevisiae it was identified as cytosolic Fe-S cluster 68 deficient (Cfd1) in a screen for genes able to convert Iron regulatory protein 1 into c-aconitase [20] [21] . 69
These and subsequent studies in yeast and animal cell lines established that Nubp2 is an integral 70 component of the cytosolic iron-Sulphur (Fe-S) cluster assembly (CIA) pathway where it acts along with 71 its homologous binding partner Nubp1 as a scaffold for transfer of the Fe-S cofactor to non-mitochondrial 72 apoproteins [22] [23] [24] . Later studies revealed that knockdown of Nubp1 alone, or of both Nubp1 and Nubp2, 73 led to excessive centrosome duplication in vitro [25] . Further work indicated that silencing of Nubp1 and 74
Nubp2 in cell culture led to supernumerary cilia formation [26] . An ENU screen isolated a mouse allele of 75
Nubp1 with interrupted lung budding and centriole over-duplication [27] . 76
This implication of Nubp2 in regulation of centriole duplication and ciliary dynamics, and the 77 importance of the primary cilia to intercellular signaling, led us to hypothesize dysregulation of ciliogenesis 78 would lead to interruptions in crucial CNCC signaling pathways, resulting in loss of mitogenic and/or 79 survival signals and subsequent midfacial fusion defects. On the contrary, here we demonstrate that loss 80 of Nubp2 from the CNCC does not lead to ciliogenesis or signaling defects, but causes a rapid onset of 81 apoptosis throughout the craniofacial mesenchyme following CNCC migration which underlies the 82 distinctive craniofacial presentation of the Dorothy mutant. This represents the first example of a role for 83 CIA pathway components in midfacial development. 84
Materials and Methods 85
Animal husbandry 86 All animals were housed and cared for in accordance with the Guide for the Care and Use of Laboratory Animals 87 (National Institutes of Health), and all animal-associated activity was approved by the Institutional Animal Care and 88 Use Committee of the Cincinnati Children's Hospital Medical Center (Protocol # IACUC2016-0098). All animals were 89 monitored daily by registered veterinary technicians and additional care provided where necessary. Euthanasia was 90 performed via Isoflurane sedation followed by dislocation of the cervical vertebrae and secondary euthanasia. Mice 91 were housed in ventilated cages provided with automated water supply and Purina 5010 Laboratory Rodent Chow 92 ad libitum. During timed mating, noon of the day a copulation plug was detected was considered embryonic day (E) 93 0.5 (E0.5).
94
ENU mutagenesis 95 ENU mutagenesis was performed as previously published [18] . Wildtype C57BL/6J (B6; Jackson Laboratory, Bar
96
Harbor ME) 6-to 8-week-old males were given a fractionated dose of ENU (three weekly dosages of 90-100 mg/kg 97 ENU, Sigma). Mutagenized males were bred with Tg(Etv1-EGFP) B2192 GSat females (FVB/N TaC background) as part 98 of a larger effort to identify potential mutants in cortical neuron patterning [28] . 
108
Alleles and genotyping 109 Nubp2 Dor (Nubp2 c.626T>A; Nubp2 V209D ; dorothy) was discovered in an ENU mutagenesis screen as described above 110 and maintained on a mixed background. Dorothy genotyping was performed using the TaqMan™ Sample-to-SNP™ 
129
Following fixation and dehydration, samples were submitted to the CCHMC Pathology Research Core (Cincinnati, 130 OH, USA) for paraffin embedding. Embedded samples were sectioned at a thickness of 10-14μM and processed 131 through H&E staining. H&E slides were sealed with Cytoseal Mounting Medium (Thermo-Scientific). Samples 132 designated for Immunohistochemical (IHC) analysis were dissected and fixed overnight in 4% paraformaldehyde at 133 4°C followed by immersion in 30% sucrose solution at 4°C for 24-48 hours until sufficiently dehydrated as observed 134 by changes in sample buoyancy. Embryos were then embedded sagittally (E9.5) or coronally (E10.5) in OCT 135 compound (Tissue-Tek) and cryosectioned at a thickness of 10-14μM. Sections were dried on a slide warmer at 42°C 136 for 30-45 minutes for general IHC or dried at room temperature for 15-30 minutes when cilia were to be imaged.
137
Samples were then soaked in boiling citrate buffer for 45-60 minutes for antigen retrieval followed by three PBS 138 washes and blocked for 1 hour at RT in 4% normal goat serum in PBST. After blocking, sections were incubated 139 overnight at 4°C with the following primary antibodies as indicated: CC3 (1:400, Cell Signaling 9661), PHH3 (1:500, 
162

RESULTS 163
Dorothy mutants were recovered in an ENU mutagenesis experiment. 164
We performed a forward Ethyl-N-Nitrosourea (ENU) genetic screen in the mouse to discover and study 165 unidentified alleles important for craniofacial development [18] . Dorothy (dor) mutants were isolated from 166 this screen and readily identified by a characteristic craniofacial phenotype (Figure 1 , Tables 1 and 2) . At 167 E16.5, dorothy mutants displayed a striking midfacial cleft phenotype in which the rostral-most nasal 168 cartilage appears to be absent while the remaining nasal and maxillary structures were shifted laterally 169 ( Figure 1 : A-F). We also noted micromelia and oligodactyly in each mutant embryo and commonly 170 observed blood pooling in the distal hindlimbs reminiscent of the eponymous ruby slippers (Baum F. book) 171 (Table 2) . While all surviving embryos (6/6) collected at E16.5 had midline clefting and truncated limb 172 phenotypes, mandibular development was variably affected (ranging from apparently normal development 173 in 3/6 to complete agenesis in 1/6 non-necrotic E16.5 embryos observed). Curiously, despite the dysmorphic nature of the dorothy face, histological analysis revealed the presence of tooth buds in 175 relatively appropriate positions, albeit with slightly delayed development ( Figure 1 : C, F, white dotted 176 outlines). We also noted a significant portion of dorothy mutants did not survive beyond organogenesis 177 stages. These commonly featured extensive hematomas and appeared morphologically to have arrested 178 around E9.0-E9.5 (Figure 1 : G-N, Table 1 ,2). During maintenance of the dorothy colony, living embryos 179 past E10.5 appropriate for phenotypic analysis were increasingly rare. We hypothesize this was due to the 180 increasingly inbred genetic background as the propagation of line was onto an FVB background in the 181 event genetic mapping would be needed to clone the causal gene. The initial B6/FVB hybrid environment 182 in the first matings may have led to increased dorothy mutant survival. 183
184
The dorothy allele is a missense mutation in nucleotide binding protein 2 (Nupb2). 185
We performed exome sequencing to identify the causal allele in dorothy mutant. We sequenced three 186 mutants and initially identified approximately 176,000 variants after quality control and read depth filters 187 were applied. We first filtered out variants that were heterozygous in one or more mutants or that didn't 188 result from single nucleotide changes working under the assumption the dorothy allele is a recessive SNP, 189 bringing the list of potential variants from ~176,000 to ~30,000 (Table 3 ). After filtering out SNPs known to 190 be strain polymorphisms and variants predicted to have "low" impact, along with genes containing multiple 191 variants (assumed to be highly polymorphic genes), 3 variants remained. One of these was in Pbx2 which 192 has been deleted in mouse with no resulting phenotype [38] . The remaining variants were in nucleotide 193 binding protein 2 (Nubp2) and zinc finger and BTB domain containing 12 (Zbtb12). We further genotyped 194 ten mutants and only homozygosity for the Nubp2 was concordant with the phenotype (Table 3) 
. The 195
Zbtb12 mutation was also homozygous in 9 unaffected embryos. Thus, Nubp2:c.626T>A; p.Val209Asp 196 was identified as a candidate causal variant and this allele was designated Nubp2 Dor . 197 The Nubp2 Dor missense mutation (Val209Asp, NUBP2 V209D ), changes the coding for a highly conserved 198 nonpolar valine into a charged aspartic acid residue five amino acids downstream from a pair of interacting cysteine residues [23] (Figure 2A) . Sanger sequencing confirmed the nucleotide change 200 c626T>A in dorothy embryos ( Figure 2B ). Transfection of HEK293T cells with GFP-tagged hNUBP2 wt and 201 hNUBP2 Dor expression constructs [32] demonstrated uninterrupted translation and cellular localization of 202 hNUBP2 V209D ( Figure 2C) . 203
While the dorothy phenotype was completely concordant with homozygosity for the NUBP2 V209D allele, we 204 sought to further confirm that the causal allele was in Nubp2 via a complementation test with an 205 independently derived null allele of Nubp2. We imported the Nubp2 tm1a (Nubp2 Null ) allele from the 206 international mouse phenotyping consortium [29, 39] . We first demonstrated that the Nubp2 Null/Null embryos 207
were not viable and were never recovered at early organogenesis stages (Table 4) . Consistent with this, 208 we noted frequent resorptions during these experiments, consistent with an early developmental lethality 209 phenotype. We then intercrossed Nubp2 dor/wt with Nubp2 Null/wt and never recovered Nubp2 Null/dor embryos 210 at E16.5 (Table 5 ). This failure of the null allele to complement the ENU allele is the strongest possible 211 genetic evidence that dorothy is an allele of Nupb2. 212 213 Nubp2 deletion from the neural crest lineage recapitulates the dorothy craniofacial phenotypes. 214
Given the dorothy craniofacial phenotype, we hypothesized a unique requirement for Nubp2 in the CNCC 215 lineage. In order to test the hypothesis of cell-autonomous requirement for Nubp2 in the CNCC and 216 circumvent the early lethality and phenotypic variability of the dorothy allele, we used Wnt1-cre to ablate 217
Nubp2 in just the CNCC [31] . We first generated the Nubp2 tm1c (Nubp2 fx ) allele by crossing the Nubp2 tm1a 218 with a FLP transgenic [30] . We then mated Nubp2 Null/wt with Wnt1-cre to generate Wnt1-cre Nubp2 Null/wt . 219
These were again mated to Nubp2 fx/wt or Nubp2 fx/fx to create the Wnt1-cre; Nubp2 cKO . We also perfomed 220 similar crosses to generate Wnt1-cre; Nubp fx/fx . The two genotypes did not results in significantly different 221 phenotypes and are collectively referred to here as Wnt1-cre; Nupb2 cKO (Supplemental Table 1 ). The 222
resulting Wnt1-cre Nupb2 cKO embryos had phenotypes remarkably similar to the dorothy homozygous 223 mutants ( Figure 3A-H) . At E15.5, embryos were recovered with midfacial clefts and undersized nasal, 224 mandibular, and maxillary structures. Histological imaging revealed severe hypoplasia of the cartilage 225 primordia of the nasal septum along with agenesis of the lateral cartilage primordia of the nasal capsule 226 ( Figure 3C ,D,G,H, white and yellow dotted outlines, respectively). Combined with the cleft palate, this 227 seems to lead to a situation where the olfactory epithelium is continuous with the oral cavity and, as in the 228 dorothy mutant, the brain is shifted rostrally. We next set out to determine the developmental stage at 229 which mutants are first phenotypically distinct from littermates. Virtually all Wnt1-cre; Nubp2 cKO embryos 230 (34/35) were anatomically indistinguishable from littermate controls at E9.5 (Figure 3 : I-L; Table 6 ). In 231 contrast, a day later at E10.5, a majority (14/17) of conditional mutants are easily identified by their 232 conspicuously undersized facial primordia (Figure 3 : M-P; Table 5 ). Thus, the Wnt1-cre; Nubp2 cKO 233 phenotype appears to emerge after CNCC migration, during early expansion stages, and results in a loss 234 of craniofacial tissue. 235 236
Deletion of Nubp2 in the CNCC does not affect centriole duplication or ciliogenesis. 237
Due to previously described roles for Nubp2 in regulation of centriole duplication and ciliogenesis [25, 26] , 238
we hypothesized that similar disruptions in primary cilia biology may compromise the CNCC-derived 239 mesenchyme. We used immunohistochemistry with confocal fluorescence microscopy to image and 240 quantify centrosomes and primary cilia within the E9.5 craniofacial mesenchyme (Figure 4 ). We used g-241 tubulin to mark centrioles and Arl13b to highlight the ciliary axoneme. The cilia in Wnt1-cre; Nubp2 cKO 242 mutants were qualitatively indistinct from those in littermates (Figure 4 , A-H). We quantified the number of 243 cilia and centrioles per nucleus for conditional mutants and controls. We observed slight increase in 244 average cilia/cell ( Figure 4I, p=0 .009) but no difference in centriole number ( Figure 4J ; p=0.422). 245 246
Loss of Nupb2 does not alter Shh, Fgf or Bmp signaling in craniofacial neural crest cells. 247
The midfacial defects found in the Wnt1-cre; Nubp2 cKO mutants suggested a number of developmental 248 signaling pathways may be adversely affected. Appropriate levels of Shh, Fgf and Bmp signaling are all 249 known to be crucial for proper CNCC development. We addressed each of these individually with whole 250 mount in situ hybridization on selected markers as canonical transcriptional targets of each signaling 251 pathway.
Hedgehog signaling is well known to be a survival signal for the CNCC [40] . Genetic ablation of 253 smoothened (Smo) in the neural crest using the same Wnt1-cre allele used here led to a phenotype highly 254 reminiscent of the dorothy phenotype we present here [6] . However, Ptch1 expression was qualitatively 255 and unaffected in Wnt1-cre; Nubp2 cKO mutants at E9.5 ( Figure 5 , A-D). Fgf signaling is required from the 256 surface ectoderm to the neural crest-derived facial mesenchyme during early craniofacial development [8, 257 9 ]. Etv5 as a measure of Fgf signaling was transcribed normally (Figure 5, E-H) . Finally, disturbances in 258 bone morphogenetic protein (Bmp) signaling during craniofacial development have been associated with 259 defective fusion of the facial primordia [41] , and mutation of the downstream transcription factor Msx1 260 causes cleft lip/palate. Msx1 levels also appeared unchanged in conditional mutants (Figure 5, I-L) . 261
In order to look for more markers of these canonical pathways and perform an unbiased transcriptional 262 analysis of mutants, we dissected E9.5 heads from three controls and two mutants and performed bulk 263
RNAsequencing. We first measured levels of Shh signaling (Ptch1, Gli1, Gli2, Gli3) , FGF signaling (Fgf8, 264 Etv5, Spry1, Spry2) , and Bmp signaling (Msx1, Lef1) and saw no significant changes between wild-type 265 and mutant embryos ( Figure 5 M) . 266
267
Neural crest-specific ablation of Nubp2 does not significantly alter proliferation, but increases apoptosis. 268
In the absence of intercellular signaling defects, we hypothesized that the failure of facial primordia to 269 sufficiently expand may be due to altered proliferation and/or cell survival. The craniofacial mesenchyme 270 at this stage must be highly proliferative in order to produce the maxillary, mandibular, and nasal 271 prominences and to ensure that the paired MNPs meet at the midline to form the intermaxillary segment. We then assayed levels of apoptosis by calculating the ratio of Cleaved Caspase 3 (CC3) to DAPI-stained 277 nuclei. We observed increased apoptosis at E9.5 (Figure 6, G-I; p=0 .040) and a drastic increase at E10.5 278 ( Figure 6 , J-L; p<0.0001). This increase was more substantial in the MNPs than the LNPs (Fig. 6K) Taken 279 together, these data show CNCC lacking Nubp2 are capable of migrating into the FNP and PA's, correctly 280 regulating ciliogenesis, responding properly to intercellular signaling, and proliferating at a normal rate, but 281 undergo abrupt apoptosis between E9.5 and E10.5. 282
DISCUSSION 283
In this report, we describe our identification of the dorothy mutation and determine it to be an allele 284 of Nubp2. The dorothy mutant has a variable phenotype with highly penetrant micromelia, syndactyly, 285 dysmorphic nasal cartilage, and midfacial clefting (Figure 1, Tables 1, 2) . Exome sequencing identified a 286 variant in Nubp2 as a candidate causal mutation (Figure 3 , Table 3 ). We used a null allele to show Nubp2 287 is required for early development (Table 4 ) and also used this allele in a complementation test to further 288 demonstrate dorothy is a hypo-morphic allele of Nubp2 (Table 5 ). We then determined that the dorothy 289 craniofacial phenotype is due to a cell-autonomous requirement for Nubp2 in the NCC lineage (Wnt1-cre; 290
Nubp2 cKO ), with a phenotype emerging between E9.5 and E10.5 (Figure 3 ). We used these Wnt1-cre; 291
Nupb2 cKO embryos to show that ciliogenesis is only mildly affected in the craniofacial mesenchyme ( Figure  292 4), despite previously demonstrated roles for Nubp2 as a regulator of ciliogenesis [26] . Several canonical 293 signaling pathways required for craniofacial development and the proportion of proliferating cells are 294 unaltered in Wnt1-cre; Nupb2 cKO embryos ( Figure 5, 6) . Ultimately, we observed a conspicuous increase 295 in apoptosis among the post-migratory CNCC mesenchyme of the craniofacial primordia starting around 296 E9.5 (Figure 6 , G-L). We hypothesize that it is this ectopic cell death which prevents the craniofacial 297 primordia from growing sufficiently to bring the opposing MNPs into contact, resulting in severe midfacial 298 clefting and hypoplasia of the mandible, nasal septum and nasal capsule. This study is the first to 299 demonstrate a requirement for Nubp2 in development and shows a more specific role in craniofacial 300
development. 301
The discovery of this role for Nubp2 illustrates the continuing power of unbiased forward genetic 302 screens, as it is unlikely the gene would have otherwise been selected for study in craniofacial 303 development. To our knowledge, no clinical disorders have been associated with NUBP2 variants. During 304 the course of this study, the IMPC characterized the Nubp2 tm1b/tm1b mouse as preweaning lethal with 305 complete penetrance (Nubp2 tm1b is derived from the Nubp2 null allele we described above) [39] . ENU 306 mutagenesis creates missense mutations that are often hypo-morphic, providing more insight into how 307 essential genes function in specific developmental processes. For instance, ENU-induced mutations of 308
Hsd17b7 and Grhl2 provided informative craniofacial and neural phenotypes despite the fact that complete 309 deletion of either gene is lethal before completion of organogenesis [42] [43] [44] [45] . In many such cases the effects 310 of point mutations cannot be inferred from knockout studies alone, and forward screens can provide a 311 genetic model more relevant to the natural population. For example, patients with mutations in both alleles 312 of POLR1C present with Treacher Collins Syndrome, while Plr1c null/null mice are embryonic lethal [39, 46, 313 47] . 314
Along with NUBP1, NUBP2 participates in an early step of the CIA pathway as a scaffold for the 315 Fe/S cluster, which is transferred to target proteins via ATP hydrolysis [22, 23] . The NUBP1 NISW mutant is 316 compromised in its ability to bind NUBP2, thus abrogating the canonical heterodimer scaffold [27] . This 317 loss may explain similarities between the Nubp1 Nisw and dorothy phenotypes, which include micromelia, 318 syndactyly, and defects in ocular development. Cataracts are also associated with mutations in Xpd/Ercc2 319 and Spry2, both of which are extramitochondrial Fe/S proteins [48] [49] [50] [51] . Loss of Iop1 in the mouse, which 320 operates downstream of NUBP1/NUBP2 in the pathway, causes lethality prior to E10.5 as does loss of 321
Nubp2 [52, 53] . These data taken together suggest that aspects of the dorothy and Nubp1 Nisw phenotypes 322 may be attributed to decreased CIA pathway activity, but also that complete loss of the pathway may be 323 lethal prior to organogenesis. This is consistent with our inability to recover Nubp2 Null/Null embryos. It is 324 possible that the NUBP2 homodimer is much more important for Fe/S cluster maturation in the craniofacial 325 mesenchyme, or that the ATPase has acquired a secondary role during mammalian evolution. 326
Cases of "protein moonlighting" can be established when proteins acquire mutations or new post-327 translational modifications during evolution and new interactions arise [54] . One relevant example is the 328 case of Irp1. This enzyme catalyzes the conversion of citrate to isocitrate when the CIA pathway provides 329 an Fe/S cluster, but in the absence of cofactor IRP1, becomes an active RNA-binding protein modifying 330 the turnover of target mRNAs [55] . Presumably these functions evolved as a way for the cell to couple the 331 activity of an important Fe/S protein to regulation of transcripts relevant to iron homeostasis. Could Nubp2 332 have another function outside of the CIA pathway that explains the presence of midfacial clefting in Nubp2, 333 but not Nubp1 mutants? Using the Harmonizome database [56] we found that both genes share 12 334 interaction partners, mostly other members of the CIA pathway such as CIAO1 and MMS19 [57] [58] [59] . 335
Besides these, NUBP1 has 16, and NUBP2 43, unique interaction partners. Among the unique partners of 336 each protein are several proteins involved in the regulation of apoptosis. Notably, among the unique 337 partners of NUBP2 is Pleckstrin Homology-Like Domain Family A Member 3 (PHLDA3), a pro-apoptotic 338 repressor of the oncogene Akt [60] . Our RNAseq experiment showed that Phlda3 transcripts were 339 significantly upregulated in E9.5 Wnt1-cre; Nubp2 cKO heads, suggesting a potential functional significance 340 for this interaction. NUBP2 (but not NUBP1) also has an interaction with E2F transcription factor 1 (E2F1), 
